Effect of deformation temperature on low-cycle fatigue properties of an Fe-28Mn-6Si-5Cr shape memory alloy was investigated. Cyclic push-pull loadings at a total strain range of 0.02 were applied to the alloy at various deformation temperatures ranging from 223 to 523 K. The microstructures and fracture surfaces in the fatigue tested samples were analyzed by means of X-ray diffraction, scanning electron microscopy and electron backscattering diffraction. The highest fatigue life of 22,400 cycles was obtained at 423 K. Increasing or decreasing the deformation temperature resulted in a decrease in fatigue life to several thousand cycles. The specimens deformed to fatigue fracture at temperatures below 298 K exhibited microstructures with ε-martensite and brittle characteristics of the fracture surface, while the specimens deformed above 473 K exhibited the single γ-phase and ductile characteristics of the fracture surface. The deformation at 423 K resulted in a moderate amount of the ε-martensite and a mixed brittle/ductile fracture surface patterns. It is suggested that the highest fatigue life can be obtained when the fatigue temperature lies between M s σ and M d .
Introduction
Fe-Mn-Si-based alloys are well known to exhibit a shape memory effect associated with a deformation-induced martensitic transformation from γ-austenite with a face centered cubic (FCC) structure to ε-martensite with a hexagonal closepacked (HCP) structure and its reversion on subsequent heating 1) . Fe-Mn-Si-based alloys have been attracted much attention as low-cost shape memory alloys, and have been utilized in connecting tools, such as pipe joints and crane-rail sh plates 2) . Recently, Sawaguchi et al. reported that Fe-Mn-Sibased alloys exhibit superior low-cycle fatigue (LCF) properties owing to a reversible γ↔ε transformation under alternative tension-compression loading, and proposed a design concept for improving LCF life 3) of the Fe-Mn-Si-based alloys. A suitable application of the fatigue-resistant Fe-Mn-Si alloys is seismic damping of buildings 4) . An Fe-15Mn-10Cr-8Ni-4Si seismic damping alloy was developed based on the design concept and has been applied to a skyscrapers, recently.
Recent report 3) on the LCF properties of ferrous high-Mn alloys with various compositions have revealed that, there are three necessary conditions to improve the LCF life: (i) stacking fault energy (SFE) being Γ ≈ 20 mJm −2 , or thermodynamic phase stability balance between the γ-and ε-phases, (ii) suppression of the α -phase formation and (iii) addition of Si of approximately 4 mass%. These factors determine the deformation modes of the alloy. High-Mn austenitic steels show various deformation modes, such as ε-and α -martensitic transformation, deformation γ-twinning, and extended or perfect dislocation slip, depending on the relative phase stabilities and the SFE of the γ-austenite 5, 6) . Deformation temperature can also affect the fatigue life of the Fe-Mn-Si-based alloys, because the deformation temperature strongly affects the phase stability and the SFE in the austenite. However, the effect of deformation temperature on LCF properties in the Fe-Mn-Si-based alloys has not been reported yet. In this report, the temperature dependence of fatigue properties of an Fe-28Mn-6Si-5Cr shape memory alloy (M s = 314 K, A f = 403 K), was investigated at various temperatures ranging from 223 K (below M s ) to 523 K (above A f ). The fatigue microstructures and fracture surfaces were also observed. The effect of the phase stability and the SFE of the austenite on LCF properties are discussed.
Experimental
An Fe-28Mn-6Si-5Cr (mass%) alloy ingot was produced by high frequency induction melting. The ingot was hot forged and rolled at 1273 K into rods with a cross section of 17.5 mm square. They were then subjected to solution annealing for 1 hour at 1237 K followed by water quenching. Cylindrical LCF test samples and rectangular tensile test samples with the dimensions shown in Fig. 1(a) and (b), respectively, were machined from the annealed rods. LCF tests were carried out with a symmetrical tension-compression loading under total strain control mode at a total strain range of 0.02. Fatigue samples were deformed at a strain rate of 4.0 × 10 −3 s −1 at temperatures ranging from 223 K to 523 K using a servo-hydraulic testing machine. In order to examine the deformation-induced martensitic transformation behavior at various deformation temperatures, tensile testing was carried out at the strain rate of 2.5 × 10 −4 s −1 in the same temperature range.
The constituent phases after tensile and LCF tests were determined by X-ray diffraction (XRD) analysis, and the internal microstructures were observed by scanning electron microscopy (SEM) with electron backscattered diffraction (EBSD) analysis. The samples for XRD and the EBSD analysis were sectioned in a manner as shown in Fig. 2(a) and (b), respectively.
The XRD samples were prepared by mechanical grinding with SiC-emery papers and then were chemically polished in a 1:10 solution of hydro uoric acid and hydrogen peroxide, and etched in hydrochloric acid in order to remove the surface layer damaged by machining. XRD measurements are carried out with using a monochromatized Co-Kα 1 radiation at 40 kV and 35 mA with a scan step of 0.05 . Fatigue fracture surfaces were observed using a ZEISS SIGMA scanning electron microscope at an accelerating voltage of 25 kV. The deformation microstructures and their crystallographic characteristics were analyzed with the ZEISS SIGMA SEM equipped with an EBSD analyzer and TSL-OIM software. The samples for EBSD analysis were electro-chemical polished at 30 V using an electrolyte of ethanol: water: butyl-cellosolve: hydrochloric acid = 35: 6: 5: 4. Figure 3 shows the temperature dependence of the tensile 0.2% proof stress, σ 0.2 , in the present alloy. M s , A s , and A f of the alloy measured by differential scanning calorimetry (DSC) are also indicated by arrows in the Fig. 3 . The slope of the proof stress versus temperature (σ 0.2 -T) curve is negative below 298 K, positive between 298 K and 373 K, and negative above 373 K. The positive temperature dependence of the σ 0.2 in the medium temperature range just above the M s indicates that the onset of plastic deformation is dominated by the stress-induced 7) or stress-assisted 8) γ → ε martensitic transformation. The slope of the σ 0.2 -T curve changes from positive to negative at about 373 K. This critical temperature is so-called the M s σ temperature, above which the critical stress for inducing the martensitic transformation exceeds the yield stress of the parent γ-phase and the dislocation glide governs the plastic yielding. However, even above the M s σ temperature, the deformation-induced γ → ε martensitic transformation is still possible with the aid of dislocations that serve as nucleation sites for the ε-martensite, referred to as strain-induced martensitic transformation. Figure 4 (a) and (b) show XRD patterns of the alloy tested in the temperature interval from 223 K to 523 K under monotonic tensile loading and cyclic loading, respectively. The intensity of martensite peaks decreases with increase in the temperature from 223 K to 473 K, and totally disappears at 523 K. Thus, the upper temperature limit for the strain-induced martensitic transformation, M d , is considered to be close to 473 K. In the temperature range I (T < M s σ ), the stress-induced ε-martensitic transformation is reported to be dominant plasticity mechanism 7, 8) . The lower the deformation temperature is, the more the cyclic deformation behavior can be affected by deformation-induced ε-martensitic transformation. The initial cyclic strain hardening occurs, and the stress amplitude saturates above 100 cycles. The stress level increases with a decrease in the deformation temperature.
Results

Mechanical properties
On the other hand, in the temperature range III, where the γ-austenite is strongly stabilized against ε-martensite, a rapid increase in the dislocation density may account for the high initial hardening rate. The hardening / softening behavior in this temperature range resembles that observed in a 316-type austenitic steel 9) , in which the initial hardening and subsequent softening stages are ascribed to an increase in dislocation density and rearrangement of dislocations, respectively. Furthermore, at 473 K, the secondary hardening stage also appeared from 500 cycles leading to the nal failure stage starting at approximately 4000 cycles. The specimen deformed at 523 K was failed without showing the secondary hardening stage at obviously lower N f than that of the specimen deformed at 473 K.
A distinct cyclic deformation behavior was observed at the intermediate temperatures 373 < T < 473 K (range II), where superior N f values are obtained. The cyclic softening was suppressed and the increase in the stress was rather slow. In particular, the specimen deformed at 423 K that shows the highest N f exhibited a continuous and moderate hardening behavior. Because of the deformation temperature below M d , the cyclic deformation-induced ε-martensite is still detected in the fatigue fractured specimen, but the Gibbs free energy difference between the γ and ε phases are considered to be small. This thermodynamic condition may affect the distinct mild hardening behavior in this range, which will be discussed in detail later. The specimen deformed at 373 K showed an intermediate deformation behavior between range I and II, where gradual primary hardening occurred until 80 cycles, and secondary hardening started after 500 cycles. This indicates that the change from range II to I is depending on the continuous change in the thermodynamic stability of the γ and ε phases.
Hence, we found that the observed cyclic hardening / softening behavior can be classi ed into three temperature ranges de ned by martensitic transformation temperatures, M s σ and M d . The temperature range which gives improved N f is associated with the particular cyclic deformation behavior characterized by the continuous mild hardening. Figure 6 shows phase maps ((a), (b), (c)), inverse pole gures (IPF) maps for the ε-martensite with respect to Loading direction (LD) ((d), (e)), and the corresponding inverse pole gures ((f), (g)) after fatigue failure tested at 298 K ((a), (d), (f)), 423 K ((b), (e), (g)) and 523 K (c), respectively. In the phase maps, γ-austenite and ε-martensite are indicated in white and gray, respectively. Black and blue lines indicate high-angle grain boundaries (15 < θ) and low-angle grain boundaries (2 < θ < 15 ), respectively. The deformation tem- (c)) show that the microstructure after fatigue failure in the temperature ranges I, II, and III are characterized by the ratio of area fractions of ε-phase and γ-phase. In the temperature range I (T < M s σ ) where the deformation-induced martensitic transformation is reported to dominate the plastic deformation 7, 8) , very large amount of ε-martensite is observed (Fig. 6(a) ). The deformation-induced martensitic transformation is still active in the temperature range II, as shown in Fig. 6(b) ; however, its contribution to plastic deformation is considered to be smaller than that in the temperature range I. The martensitic transformation no longer contributes to plastic deformation when deformation temperature is elevated to the range III, that is above M d .
Fatigue microstructure
IPF maps of the ε-phase and the corresponding inverse pole gures with respect to the deformation axis (LD) are represented in Fig. 6(d) and (f), and Fig. 6 (e) and (g), respectively. A ber texture nearly oriented to [10] [11] [12] //LD is developed both in temperature ranges I and II. Because the uniaxial tensile deformation induces the ε-martensite variant with the highest Schimd factor and the de ned crystallographic orientation relationship between the γ-and ε-phases, which is known as Shoji-Nishiyama orientation relationship, the basal plane of the deformation-induced ε-martensite is inclined from the deformation axis. The angle between the basal plane of ε-martensite and deformation axis giving the highest Schmid s factor is 45 . As a consequence, both basal and prism planes of the ε-crystal are rarely parallel to the observed plane that is parallel to the deformation axis. Instead, the planes close to the (10) (11) (12) , approximately 43.21 apart from the basal plane, appear on the observed plane. Figure 7 shows low magni cation SEM images of fracture surfaces for the specimens deformed to fatigue failure at 298 K (range I), 423 K (range II), 523 K (range III). Typical brittle and ductile characteristics of fracture surface were observed at lower (range I) and higher (range III) temperatures, respectively. The fracture surface for the intermediate temperature (range II) exhibits the mixture of them.
Characteristics in fracture surface
Figures 8(a) and (b) show enlarged images of typical brittle fracture surfaces taken at 298 K (range I). Figure 8(a) shows at surface with shallow dimples, which is reported to be a quasi-cleavage fracture at the γ/ε boundary in tensile deformation 10) , and cyclic deformation 11) . The dimples are in arrays along {111} traces, re ecting the collision of the different ε-variants on the rapturing γ/ε interface. high temperature range III. Figure 9 (a) shows striations, which are known as a typical fracture surface pattern appearing in an early stage of ductile fatigue crack propagation under cyclic deformation 13) . Figure 9 (b) shows deep and large dimples, which characterize that here is the nal rupture place. M d ), and range III (above M d ). The plastic deformation modes accounting for the deformation characteristics in each temperature ranges can be interpreted as shown below.
Cyclic deformation associated with the γ → ε transformation and the plastic deformation of the ε-martensite
Below M s σ (range I), the stress-assisted γ → ε martensitic transformation is reported to occur under tensile loading 7) , which may also occur throughout cyclic loading. Our previous LCF tests on various Fe-Mn-Si-based alloys at room temperature suggested that the ε-martensite should gradually increase under cyclic deformation, probably accompanying reversible forward/reverse transformation (reversible twoway transformation) of the tension-and compression-induced ε-marntesite 10,14,15) . Below M s , the ε-martensite is much more stable than above M s , and the some amount of ε-phase already exists in the initial microstructure. This difference does not change the cyclic deformation behavior, namely, initial hardening followed by a plateau. However, the stress level of the plateau continuously increases, when deformation temperature is decreased across M s .
The most plausible mechanism responsible for the initial hardening is the cyclic-deformation-induced martensitic transformation. Irrespective of the deformation temperature, the cyclic stress is saturated above 100 cycles, where the ε-martensite becomes dominant, and further cyclic deformation may be implemented by plastic deformation of the ε-martensite. The higher stress level inherent to the lower temperatures is a normal temperature response of the stresses required for the plastic deformation of the ε-phase either by slip or twinning.
The features of fracture surface in this temperature range represent brittle characteristic as the crack propagations on prism planes ( uting) and on the γ/ε interfaces (quasi-cleavage). In spite of the brittle characteristics, the N f increases with increasing deformation temperature. The reversible martensitic transformation between the γ-and ε-phases is a possible reason for the improved N f values. The reverse martensitic transformation of the tension-or compression-induced ε-martensite is reported to occur when the deformation direction when the deformation direction is inversed, from tension to compression, or compression to tension. Such reversible microstructural changes accompanying the back-and-forth movement of partial dislocations may suppress the local accumulation of dislocations and delay the progress of the fatigue. 4.1.2 Cyclic deformation of the γ-phase with low stacking fault energy Above M d (range III), the γ → ε martensitic transformation does not occur, and the cyclic deformation is governed by plastic deformation of the γ-austenite. It should be noted that the N f value is still large at 473 K that is about M d where the ε-martensite fraction in the fatigue fractured specimen is negligibly small. This suggests that the extended dislocations alone can improve the N f even without forming the ε-martensite, as long as the dissociation width of the moving partial dislocations is suf ciently wide.
The signi cant initial hardening shown in this temperature range III is ascribed to increase in dislocation densities. The following softening stage implies the existence of some relaxation mechanism associated with rearrangement of dislocation structures 9) . The specimen deformed at 473 K exhibits the secondary hardening stage and longer N f than the specimen deformed at 523 K that failed without secondary hardening stage. Note that the former shows much lower cyclic stresses than the latter in spite of lower deformation temperature. This is attributable to the extension of dislocations that is likely to make the back-and-forth movement of dislocation under cyclic loading reversible and con ned on an identical {111} planes without cross slips.
Cyclic deformation at between M s
σ and M d In the temperature range II (M s σ < T < M d ), the ε-martensite still forms during cyclic deformation, but the contribution of the γ dislocation glide increases than in the lower temperature range I. The growth of the ε-martensite is signi cantly suppressed compared with the lower temperatures. There are two possible reasons realizing the superior N f values in this temperature range. Firstly, the γ-and ε-phase stabilities are close to each other in this temperature range, and it is considered that reversible two-way martensitic transformations between the γ-and ε-phases can easily occur. Secondly, the SFE of the remaining γ-phase is also lower than that in the higher temperature range III, and thus the back-and-forth movement of the extended dislocations is more strongly con ned on an identical slip plane. In both cases, partial dislocations move in the most reversible manner among all the testing temperatures. The moderate cyclic hardening is observed and no signi cant softening stage appears in this temperature range. It implies a slow change in the microstructure, namely, a slow increase in the volume fraction of the ε-martensite, and insigni cant development of the rearranged dislocation structures 9) . Both ductile and brittle features are observed in fracture surface patterns, which are different from either of higher or lower temperature ranges. The quasi-cleavage surface and utings characterizing the brittle crack propagation along the γ/ε interfaces and through the ε-phase are also observed, but their area fractions are signi cantly reduced. The dimples and striations indicating ductile fracture in the remaining γ-phase also appear, occasionally. These microstructural and fractographic characteristics suggest that the coexistence of the reversible two-way martensitic transformation that was discussed in Subsection 4.1.1 and the extended dislocation glide that was discussed in Subsection 4.1.2 should cause the highest N f values in this temperature ranges.
We can thus point out two possible causes for the improved N f : the thermodynamic balance between the two phases and wide extension of the dislocations. A question arises from this discussion; whether the two-way transformation has any positive effect on N f or merely occur as a result of wide extension of dislocations. Recently, Li et al. 16) reported that the ε-martensite is formed at around propagating fatigue cracks and discussed its possible effects on the crack growth suppression. Further investigation in this aspect is crucially important.
Equivalence between temperature and chemical composition
The thermodynamic phase stability and the extension width of dislocations are not only dependent on temperature but also on chemical composition. In the previous studies 3, 11) LCF properties of Fe-Mn, Fe-Mn-Si, Fe-Mn-Si-Al, and FeMn-Cr-Ni-Si alloys have been reported. Nikulin et al. investigated LCF properties of Fe-30Mn-(1-x)Si-xAl (x = 0, 1, 2, 3, 4, 5, 6 mass%) alloys. The Fe-30Mn-6Si alloy is a typical Fe-Mn-Si-based shape memory alloy that undergoes the deformation-induced ε-martensitic transformation as a dominant plastic deformation mechanism. The Fe-30Mn-4Si-2Al (x = 2) and Fe-30Mn-3Si-3Al (x = 3) are transformation-/ twinning-induced plasticity (TRIP/TWIP) steels, which exhibit the martensitic transformation and mechanical γ-twinning as the secondary deformation mechanisms following the preceding dislocations glide. With increasing Al content, the γ-austenite is more stabilized with respect to the ε-martensite and the SFE of the austenite increases. The highest N f of approximately 8000 cycles was obtained at room temperature in the Fe-30Mn-4Si-2Al alloy subjected to LCF at the total strain range of 0.02 10) that is identical to the present strain range. The Fe-30Mn-4Si-2Al alloy exhibited the cyclic deformation-induced ε-martensite and glide of extended dislocations, similar to the present alloy deformed at 423 K. The alloys with lower Al concentrations (x < 2) showed more pronounced cyclic-deformation-induced martensitic transformation, and N f decreased, similar to the present alloy deformed at lower temperature range I. The alloys with higher Al concentrations (x > 2) showed no ε-martensite, and N f decreased with increasing Al concentration, as in the present alloy deformed in higher temperature range III.
For both of ε-martensitic transformation and the dislocation extension, the SFE is the critical parameter to predict the deformation characters. In low-SFE FCC metals, dislocations are easily extended into a couple of partial dislocations and stacking fault forms in between them, and the width of the extension increases with decreasing SFE. Recently, the value of SFE is also used as a measure for predicting the deformation mode operated under tensile load among γ → ε martensitic transformation, mechanical γ-twinning, and extended dislocation glide, all of which involve regularly or irregularly integrated motion of the units of partial dislocations-stacking fault as an elementary process. Allain et al. 17) reported SFE dependence of deformation modes in Fe-22Mn-0.6C alloy. ε-martensitic transformation only occurs for SFE of Γ < 18 mJm . Because the stacking fault is regarded as the thin ε-phase with two {111} atomic layers, SFE is obtained by calculating the Gibbs s free energy difference between the γ-and ε-phases and the interfacial energy as follows.
Where ρ is the molar curface density along {1 1 1} planes, ∆G γ→ε is the difference in molar Gibbs s energy between the γ-austenite to ε-martensite phase,and σ is the interfacial energy per unit area of the phase boundary. The SFE is commonly used as a scale for predicting both the deformation mode selection and the extension width of dislocations in the γ-austenite.
In this section, the SFE is calculated for the Fe-28Mn-6Si-5Cr alloy at various temperatures and Fe-30Mn-(6-x)Si-xAl alloys with various compositions, and the equivalence between the temperature and the composition, and the SFE dependence of the deformation mode selection rule are veri ed in a quantitative manner.
Various parameters for the Gibbs free energy difference between the γ-and ε-phases and the SFE are proposed for various alloy systems [17] [18] [19] [20] . In the present research, SFE calculation method in high-Mn steels including Cr developed by Curtze et al. 21) is applied to both of the Fe-28Mn-6Si-5Cr alloy at various temperatures and the Fe-Mn-Si-Al alloys with different compositions at room temperature. Figure 11(a) indicates the values of SFE as a function of temperature calculated for the Fe-28Mn-6Si-5Cr alloy (223 ≤ T(K) ≤ 523). Figure 11(b) indicates the values of SFE as a function of Al concentration calculated for Fe-30Mn-(6-x)SixAl alloy (0 ≤ x (mass%) ≤ 4). The SFE of Fe-28Mn-6Si-5Cr alloy increases with temperature, from Γ = 2.7 mJm −2 at 298 K to Γ = 26.4 mJm −2 at 523 K. SFE of Fe-30Mn-(6-x) Si-xAl alloys increases with Al content, from Γ = 5.6 mJm −2 at 1 mass% to Γ = 28.8 mJm −2 at 4 mass%. These results indicate an equivalency of SFE dependence temperature and chemical composition. This fact permits to discuss the variation of fatigue life with temperature and with chemical composition using the value of SFE as a common scale. Figure 12 shows the relationship between fatigue life and the SFE of the Fe-28Mn-6Si-5Cr alloy with different deformation temperatures and the Fe-30Mn-(6-x)Si-xAl alloys . Accordingly, the equivalency between temperature and composition in terms of the optimum condition to improve the N f is veri ed in a quantitative manner through calculating the SFE as the common scale. It should be noted that the best SFE values for improving N f obtained in this study calculation is Γ ≈ 15 mJm −2 that close to that proposed in the literature 3) , i.e., Γ ≈ 20 mJm −2 .
Conclusions
(1) The temperature dependence of low-cycle fatigue life and the corresponding cyclic hardening/softening behavior can be classi ed into three temperature ranges with respect to the martensitic transformation temperatures. (2) Below M s σ , cyclic deformation-induced martensitic transformation and the plastic deformation of the ε-martensite cause the initial hardening followed by a plateau. In spite of the brittle crack propagation along the γ/ε interfaces and inside the ε-martensite, the alloy is resistant against the low-cycle fatigue due to the reversible twoway martensitic transformation, which improves N f as the deformation temperature increase. (3) Above M d , no ε-martensite is formed and the plastic deformation of the γ-phase dominates the cyclic deformation. With decrease in deformation temperature N f increases owing to the wider dissociation width of dislocations that promote the reversible back-and-forth movement of dislocations. (4) In the medium temperature range between M s σ and M d , the highest fatigue life of approximately 22,400 cycles was obtained in the alloy deformed at 423 K at the total strain range of 0.02. The back-and-forth movement of partial dislocations associated both with the reversible martensitic transformation and the glide of extended dislocation is responsible for the superior N f . The cyclic hardening is gradual and monotonic due to delayed growth of the cyclic-deformation-induced ε-martensite. as the deformation between M s σ and M d . Possible reasons for this are thermodynamic balance between the γ-and ε-phases that promotes the cyclic two-way transformation and/or the wider extension of dislocations that enhances the reversibility of the back-and-forth movement of partial dislocations.
